Background: Patients with cervical or high-thoracic spinal cord injury (SCI) often pre-
| INTRODUCTION
Anecdotal reports from the spinal cord injury (SCI) population and the scientific literature suggest a diminished perception of hunger, especially after cervical lesions. 1 Clinical evidence indicates reduced gastric emptying after T3-SCI 2-4 and early satiety that may persist for years after the initial injury. [5] [6] [7] [8] [9] [10] [11] [12] [13] We have demonstrated in a rat model of experimental T3-SCI that ad libitum feeding and gastric motility are diminished beginning immediately after injury 14 and that chronic derangements in feeding, gastric motility and emptying persist for 6-18 weeks. 15, 16 Ghrelin has been identified as the endogenous ligand for growth hormone secretagogue receptor (reviewed in 17 ) . During periods when energy balance begins to wane, motilin or the motilin-related peptide ghrelin, 18, 19 is released by the stomach. Exogenous ghrelin promotes feeding behaviors, 20 ,21 gastric emptying of either solid 22 or liquid meals, 23 and regular high-amplitude contractions of the stomach and small intestine observed during the inter-digestive phase. 24 The expression and transport of ghrelin receptors has been documented for the afferent vagus nerve, 21 and functional studies have confirmed that vagal pathways are integral to ghrelin-induced stimulation of gastric motility. 21, [25] [26] [27] Furthermore, the importance of vago-vagal reflex circuits mediating gastric motor function (motility) is well-established. 28 The central, integrative, component of this reflex consists of the nucleus tractus solitarius (NTS) and the dorsal motor nucleus of the vagus (DMV) located within the caudal medulla. Studies over the past decades have led to the generally accepted view that the motor output of the DMV regulates gastric function through the opposing contributions of a cholinergic excitatory and a nonadrenergic, noncholinergic (NANC) inhibitory circuit. 28, 29 Atropine blockade of ghrelin response indicates that cholinergic vagal tone is involved in the gastrointestinal response. 26, 30 It is imperative to note that these vagal pathways remain anatomically intact following T3-SCI.
Prokinetics acting at dopaminergic and serotonergic receptors has been investigated in the clinical SCI literature to accelerate large bowel transit. 11, 31 However, complications due to adverse side effects have limited the clinical utility of these drugs. The prokinetic properties of ghrelin have led to recent proposals for therapeutic targeting with ghrelin agonists. 17, [32] [33] [34] However, the diminished ad libitum feeding immediately after T3-SCI 14 raises questions of the post-injury sensitivity to endogenous ghrelin. The aims of this study were to: (i) test the hypothesis that following an overnight fast, serum ghrelin is diminished 3-days after T3-SCI; (ii) compare serum ghrelin levels in control rats yoked calorically to ad libitum intake in T3-SCI rats; and (iii) test the hypothesis that gastric vagal neurocircuitry is unresponsive to peripherally and centrally administered ghrelin post-SCI.
| MATERIALS AND METHODS
All procedures were performed following National Institutes of
Health guidelines and under the oversight of the Institutional Animal
Care and Use Committee at the Penn State University College of Medicine.
| Animals
All experiments were conducted on male Long Evans rats (HsdBlu:LE;
Envigo Laboratories). Rats (n = 101) were ≥8 weeks of age upon entrance into the experiment and were double housed in a room maintained at 21-24°C and a 12:12-h light-dark cycle with food and water provided ad libitum. Each rat was randomly assigned to one of two surgical manipulations; surgical controls (in which the T3 spinal cord was exposed by laminectomy) or T3-SCI. At the same time, animals were also randomly assigned to one of two post-surgical survival times (3 days or 3 weeks). Following surgical manipulation, rats were housed singly and observed twice a day.
| Surgical procedures and animal care
Animals were anesthetized with a 3%-5% mixture of isoflurane with oxygen (400-600 mL/min) and surgery for T3 contusion SCI was performed using established aseptic surgical techniques. Prior to any surgical manipulation all animals were administered ophthalmic ointment to both eyes, extended-release buprenorphine SR (1 mg kg
Pfizer Animal Health, Lititz, PA) to alleviate post-operative pain, and antibiotics (Baytril, 10 mg/mL concentration at 1 mL kg −1 s.c., Bayer, Shawnee Mission KS) to reduce post-surgical infection.
We performed spinal cord injury at the T2-T3 levels of the vertebral column as described previously. 35 Briefly, the T2-T3 spinal cord is exposed through a midline incision over the vertebral column, the overlying muscles are detached from the vertebrae and the T2 spinous Chronic care of both control and injured animals utilized procedures that have been described previously. 35 Briefly, post-operative animals are kept in a warm environment and receive subcutaneous supplemental fluids (5-10 cc lactated Ringer's solution) and antibiotics (Baytril, 10 mg/mL concentration at 1 mL kg −1 s.c.) twice daily for 5 days after surgery. Bladder expression and cleaning of the hindquarters is performed at least twice daily in animals with T3-SCI until the return of spontaneous voiding. The ventrum of control animals is inspected daily without need for manual compression of the bladder. To assess post-SCI changes in feeding behavior with previously published data, 14,15 body weight and food intake is recorded each morning and
Key Points
• Ghrelin elevates gastric motility via vagal neurocircuitry and ghrelin receptor agonists offer a therapeutic option for gastroparesis after spinal cord injury (SCI)
• Circulating and exogenous ghrelin did not translate into increased gastric motility in the acute stage of experimental SCI
• The physiological changes that accompany SCI may include compromised gastric vagally mediated reflexes that limit the therapeutic efficacy of ghrelin the mean energy intake (MEI) is calculated. The MEI represents the kilocalories consumed per 100 g of body weight for each day of monitored feeding.
| Serum ghrelin assays
Serum concentration of total ghrelin was quantified by enzyme immunoassay from 3-day T3-SCI and control rats. In the first acute experimental group, 3-day animals (n = 8 T3-SCI, n = 7 control) were fasted overnight (water ad libitum) prior to ghrelin assay. Following collection of a fasted blood sample, rats were gavage-fed 1 mL of a liquid mixednutrient meal (Ensure™). In the second acute experimental group, 3 day control animals (n = 6) were matched calorically on the second and third night to the average MEI recorded on the previous night of the 3-day T3-SCI group (n = 6). On the morning of the respective test, rats were lightly restrained and approximately 200 L of blood was collected for assay from a tail nick. Coagulated samples were stored on ice until centrifuged at 4°C (5 min at 2100 g), blood serum was collected into fresh microcentrifuge tubes, stored (−20°C), and later analyzed in duplicate for serum ghrelin concentration using a commercially available EIA kit (Phoenix Pharmaceuticals, Inc., Burlingame, CA).
| In vivo gastric motility recording
Following an overnight fast (water ad libitum), rats was anesthetized deeply with thiobutabarbitol (Inactin ® , Sigma; 100-150 mg kg −1 ip).
Thiobutabarbitol anesthesia has prolonged duration (>8 hours) with minimal effect upon gastric reflex function. 36 Rats were then intu- inserted for the intravenous delivery of drugs, and a laparotomy was performed. The stomach was partially exteriorized and a 6 × 8-mm encapsulated sub-miniature strain gage of our own fabrication was aligned with the circular smooth muscle fibers and sutured to the ventral surface of the gastric corpus. 37 The strain gage leads were exteriorized before closure of the abdominal incision.
After surgical instrumentation, animals were placed in a stereotaxic frame to reduce the weight strain upon the thoracic cavity and rectal temperature was monitored and maintained at 37 ± 1°C (TCAT 2LV, Physitemp Instruments, Clifton, NJ). The strain gage signal was amplified (QuantaMetrics EXP CLSG-2, Newton, PA, USA) and recorded on a polygraph (model 79, Grass, Quincy, MA, USA) or on a computer using Experimenter's Workbench software (Datawave Technologies, Loveland, CO, USA). After a minimum 1-hour period of stabilization, defined as a returning to a consistent body temperature of 37°C (particularly necessary for T3-SCI rats) and strain gage signal with little variability over a 30-min period, 10-min of baseline motility was recorded before any experimental manipulation.
In the first series of experiments (3-day post-operative recording: n = 7 T3-SCI, n = 6 control; 3-week post-operative recording: n = 9
T3-SCI, n = 6 control), in which the brainstem was not exposed, ghrelin
, (iv) was continuously infused for a 5-min period.
Motility was recorded for the 10-min period immediately preceding infusion, and 10-min immediately following the termination of ghrelin infusion. Gastric motility was analyzed using the motility index originally reported by Ormsbee and Bass 38 and described by our laboratory. 37 Briefly, the formula for motility index (whereby N equals the total number of peaks in a particular milligram range) is as follows:
Therefore, presuming that a 0 mg signal is indicative of no gastric contractions, the grouping of peak-to-peak sinusoidal signals were calculated as 25-50 mg, 60-100 mg, 110-200 mg and signals greater than 210 mg for N 1 through N 4 , respectively. Unlike area under the curve measurements, the motility index is independent of gradual baseline fluctuations that may occur across several minutes.
To control for variability between animals and surgical instrumentation, gastric motility was converted as percent change relative to pre-infusion baseline.
| Fourth ventricle/vagal trigone exposure
After a midline incision and removal of the overlying dorsal neck musculature, the head of the animal was oriented in a stereotaxic frame such that the floor of the fourth ventricle was exposed and the brainstem surface was horizontally oriented in a manner that permitted access to obex. The pial membrane overlying the vagal trigone was dissected and the exposed tissues were covered with a warm, salineinfused cotton patch.
In the second series of experiments (3-day post-operative recording: n = 7 T3-SCI, n = 5 control; 3-week post-operative recording: n = 8 T3-SCI, n = 6 control), in which the brainstem was exposed, phosphate-buffered saline (PBS) vehicle (2 μL) was applied with a
Hamilton microsyringe to the surface of the fourth ventricle at the level of the obex in the vicinity of the area postrema and motility signals were acquired as described above. At the conclusion of the control observation period, ghrelin (3-100 pmol in PBS) was applied as described above. Each application of PBS or ghrelin was separated by enough time (minimum of 30 min) for any change in motility to return to baseline. The strain gage output was analyzed for any change in motility for 10-min after each infusion.
| Electrophysiology
Brainstem slices were prepared as described previously. 39 Briefly, T3-SCI or control rats (n = 5 from each post-operative cohort) were anesthetized deeply (Isoflurane, 5%, 1 L min −1 O 2 ) and euthanized via administration of a bilateral pneumothorax. One 3-week sham animal was recorded for basic physiological properties, but could not be perfused with ghrelin. The brainstem was removed and sectioned into 3-4 coronal slices (300 μm thick) encompassing the entire rostro-caudal extent of the DVC.
Slices were incubated at 30 ± 1°C in Krebs' solution (in mM: 126 NaCl, 
| Histological processing
At the conclusion of in vivo experiments, deeply anesthetized rats were transcardially perfused with heparinized PBS until fully exsanguinated and followed immediately with PBS containing 4% paraformaldehyde. The spinal cords at the lesion level were removed and refrigerated overnight in PBS containing 20% sucrose and 4% paraformaldehyde. For histological staining of T3-SCI lesion extent, tissue was sectioned (40 μm thick) and alternating sections were mounted on gelatin coated slides. Spinal cord sections were stained with luxol fast blue for verification of lesion consistency and volume of spared white matter as described previously (see 35 ).
| Drugs and chemicals
Inactin® and all other salts were purchased from Sigma (St. Louis, MO). Ghrelin was purchased from Bachem (Torrence, CA). All drugs were dissolved in sterile isotonic phosphate buffered saline (PBS; in mM: 147.6 NaCl, 83.3 NaH 2 PO 4 , 12.9 KH 2 PO 4 ).
| Data analysis and statistics
Individual strain gages were calibrated with a 1-g weight applied externally before and after the experimental procedures. Data are expressed as means ± SEM Between group results for lesion center, body weight and food intake were evaluated by comparing the change in response between surgical control and T3-SCI by paired t-test; the change in response between pre-and post-treatment values for intravenous ghrelin by one-way ANOVA; and the change in dose response to fourth ventricle ghrelin by repeated measures ANOVA (spss, Chicago, IL,USA). Between group results for in vivo serum ghrelin and in vitro studies, with each neuron serving as its own control, were compared before and after ghrelin administration paired t-test (spss, Chicago, IL, USA). In all instances, significance was presumed when P < .05.
| RESULTS

| Histological and behavioral assessment following T3-SCI
The severity of experimental T3-SCI was quantified prior to further data analysis. The extent of the lesion epicenter was determined based upon the reduction in LFB-stained white matter at the T3 spinal cord segment ( Figure S1 ). The white matter calculated as percent area of total spinal cord cross-sectional area at the lesion epicenter of 3-day T3-SCI rats was significantly reduced in comparison to T3-control animals (14 ± 3% vs 76 ± 1%, respectively; P < .05). At 3-weeks, when the post-injury progression of the lesion epicenter has relatively stabilized and the lesion boundaries are more clearly defined, 40 the percent area of white matter at the lesion epicenter of 3-week T3-SCI rats was significantly reduced in comparison to age-matched T3-control animals (11 ± 2% vs 78 ± 1%, respectively; P < .05). These data are comparable to the injury extent reported previously and indicate the severity of our injury model. 14,41-43 Therefore, all T3-SCI rats were included for analysis.
At 3 days following surgery, the change in body weight between T3-SCI and control animals was −19.5 ± 2.9 g vs −0.5 ± 2.2 g, respec-
tively. When normalized as percent of preoperative weight, T3-SCI rats displayed significantly greater weight loss than surgical controls for the comparable time period across the duration of the study (P < .05).
Regardless of ease of physical access to chow at bedding level, spontaneous feeding is suppressed following T3-SCI. When normalized as the mean energy intake (MEI; defined as kcal day −1 100 g −1 body weight) the spontaneous feeding for T3-SCI animals in this study was significantly lower than controls for every comparable time point until the second week of the study (Table 1 ; P < .05).
The reductions in area of intact white matter, body weight and caloric intake is consistent with our previous studies, 14, 15, 41 and verify the severity and reproducibility of our surgical procedures for T3-SCI and surgical control animals. Specifically, T3-SCI rats have a persistent reduction in dietary intake during the acute and sub-acute phases (ie, first 2 weeks) after injury.
| Serum levels of total ghrelin are altered immediately following T3-SCI
Restricted feeding provokes elevated serum ghrelin concentrations in able-bodied subjects while diminished ghrelin levels are associated with reduced dietary intake. The early reduction in spontaneous feeding observed in 3-day T3-SCI rats suggests a possible derangement in normal serum ghrelin availability in the acute T3-SCI rats. The elevation in serum total ghrelin levels of 3-day T3-SCI rats that were fasted overnight was not significantly higher than control (2243.7 ± 539.7 pmol L −1 vs 1175.9 ± 437.9 pmol L −1 , respectively; P > .05).
Control animals calorically matched to T3-SCI subjects were fed 8.37 ± 0.4 kcal day −1 100 g body weight −1 compared to the 8.1 ± 2.6 kcal day −1 100 g body weight −1 that was consumed ad libitum by the T3-SCI cohort of rats. The serum total ghrelin levels of 3-day T3-SCI rats was not significantly different from yoke-fed 
, respectively; P > .05). These results confirm that the bioavailability of circulating ghrelin is similar in control and T3-SCI rats. Our data further suggest that the significant reduction in ad libitum feeding by T3-SCI rats during the acute (3-day) phase of injury is not likely due to derangements in physiologically relevant levels of ghrelin synthesis or release.
| Intravenous ghrelin increases gastric contractions in surgical control but not T3-SCI rats
Three days following surgery, there was no significant difference in the baseline motility index between control and T3-SCI rats (P > .05). Intravenous administration of PBS did not induce any significant change in gastric contractions in either control or T3-SCI rats (P > .05). Intravenous administration of ghrelin (2.5 μmol kg −1 ) increased gastric contractions above pre-infusion values in overnightfasted control rats (P < .05; Figure 1A ) while the ghrelin-induced increase from baseline was not significant in T3-SCI rats (P > .05).
Subsequently, the motility index of the T3-SCI rats in response to ghrelin was significantly lower than that of control rats (P < .05; Figure 1C ).
In animals tested 3 weeks following surgery, there remained no significant difference in the baseline motility index between control and T3-SCI rats (P > .05). Once again, intravenous administration of
PBS did not induce any significant change in gastric contractions in
either control or T3-SCI rats (P > .05). In contrast to the 3-day animals, intravenous administration of ghrelin (2.5 μmol kg −1
) in 3-week overnight-fasted animals increased gastric contractions above preinfusion values in both control and T3-SCI rats (P < .05; Figure 1B ).
Unlike the 3-day animals, the motility index of the control rats in response to ghrelin was not significantly different from that of T3-SCI rats at 3 weeks post injury (P > .05; Figure 1C ).
Together, these data suggest that the prokinetic effect of intravenous ghrelin is diminished in the early post-SCI time period. This reduced sensitivity to ghrelin in the SCI subject may be the result of derangements in either peripheral or central neurocircuitry modulating gastric contractions.
| Central administration of ghrelin increases gastric contractions in 3 day control but not T3-SCI rats
In addition to peripheral activation of the afferent limb of vago-vagal reflex circuitry, circulating ghrelin directly activates gastric neural circuitry within the dorsal vagal complex of neurally intact rats. 39 Three days following surgery, there was no significant difference in the baseline motility index between control and T3-SCI rats (P > .05). Fourth ventricle application of PBS did not induce any significant change in gastric contractions in either control or T3-SCI rats (P > .05).
Fourth ventricle application of ghrelin (3-100 pmol) significantly increased gastric contractions above pre-infusion values in overnightfasted control rats beginning with the 10 pmol dose (P < .05; Figure 2A ) while the ghrelin-induced increase from baseline was not significant in T3-SCI rats (P > .05; Figure 2A ). Subsequently, the motility index of the control rats in response to ghrelin was significantly higher than that of T3-SCI rats beginning with the 10 pmol dose (P < .05; Figure 2B ).
| Sensitivity to centrally administered ghrelin returns in 3 week T3-SCI rats
In animals tested 3 weeks following surgery, there remained no significant difference in the baseline motility index between control and T3-SCI rats (P > .05). Once again, central application of PBS to the fourth ventricle did not induce any significant change in gastric contractions in either control or T3-SCI rats (P > .05). In contrast to the 3-day animals, fourth ventricle administration of ghrelin significantly
F I G U R E 1 Intravenous infusion of ghrelin provokes an increase in gastric contractions in surgical control but not acute T3-SCI rats. (A) Representative original polygraph traces from fasted animals tested 3 days after control or T3-SCI surgery. (B)
Representative traces from fasted animals tested 3 weeks after control or T3-SCI surgery. Baseline motility index had no significant difference between control and T3-SCI in either 3-day or 3-week groups. (C) Graphic summary of the significant increase in gastric contractions over baseline (100%, not depicted) following intravenous administration of ghrelin (2.5 μmol kg −1 ) in 3-day control rats, while the ghrelin-induced increase from baseline was not significant in 3-day T3-SCI rats. Intravenous administration of ghrelin significantly increased gastric contractions above baseline in both 3-week control and 3-week T3-SCI rats. (*P < .05) increased gastric contractions above pre-infusion values in both control and 3-week T3-SCI rats, but only at the 100 pmol dose (P < .05; Figure 3A ). Unlike the 3-day animals, the motility index of the control rats in response to ghrelin was not significantly different from that of 3-week T3-SCI rats (P > .05; Figure 3B ).
Together, these data suggest that the sensitivity to the prokinetic effect of central ghrelin is diminished in the early post-SCI time period. This reduced sensitivity to ghrelin in the SCI subject may still be the result of derangements in either peripheral terminal afferents to the dorsal vagal complex and/or the central neurocircuitry within the dorsal vagal complex modulating gastric contractions.
| T3-SCI does not alter DMV neuron electrophysiological or morphological properties
Whole cell patch clamp recordings from acute (3 day) T3-SCI and control rats identified no changes in the electrophysiological properties of DMV neurons. 43 To verify that T3-SCI did not induce any long-term changes, complete electrophysiological properties were assessed in six control neurons and 5 T3-SCI neurons. The membrane properties of DMV neurons from control and T3-SCI rats 3-weeks following surgery were assessed under current clamp or voltage clamp conditions as described previously. 44 As detailed in Table 2 , chronic T3-SCI did not affect either the membrane input resistance or action potential firing properties of DMV neurons.
These data confirm that the electrophysiological properties of the preganglionic motoneurons of the DMV remain stable following T3-SCI. This suggests that the survival and functional properties of DMV neurons are not adversely affected by the profound and permanent alterations in whole-body physiology following T3-SCI.
| Ghrelin failed to increase sEPSC frequency in DMV neurons from 3-day T3-SCI rats
Ghrelin elevates excitatory glutamatergic pre-synaptic transmission to DMV neurons of naïve rats. 39 Similarly, perfusion of ghrelin (100 nM) increased the frequency of sEPSC's from 0.9 ± 0.2 to 1.9 ± 0.4 events s −1 in 8 out of 10 neurons from control rats 3-days following surgery. When expressed as percent change, ghrelin increased sEPSC frequency to 227 ± 26% of control (P <.05, Figure 4A ). In these same neurons, ghrelin had no significant effect upon the amplitude of sEPSCs (33.5 ± 1.3 pA in control versus 32.5 ± 0.9 pA in the presence of ghrelin; P > .05).
Conversely, perfusion with ghrelin had no effect on the frequency of sEPSC's (1.5 ± 0.3 and 1.8 ± 0.5 events·s −1 in Krebs' and in 100 nM ghrelin, respectively; P > .05, Figure 4A ) nor the amplitude (38.1 ± 3.20 and 37.9 ± 2.9 pA in Krebs' and in 100 nM ghrelin, respectively; P > .05) in six of seven DMV neurons from T3-SCI rats 3-days after injury.
F I G U R E 2 Central (IVth ventricle) administration of ghrelin increases gastric contractions in control but not T3-SCI rats 3 days following surgery. (A) Representative traces from fasted animals following 10 pmol. While there was no significant difference in baseline motility index between control and T3-SCI rats central application of ghrelin (3-100 pmol) significantly increased gastric contractions beginning at 10 pmol in 3-day control rats while there was no significant difference in gastric contractions of 3-day T3-SCI rats (*P < .05; B)
The sensitivity to centrally administered ghrelin returns in 3-week T3-SCI rats. There remained no significant difference in the baseline motility index between 3-week control and 3-week T3-SCI rats. (A) Representative traces from fasted animals following 100 pmol. While there was no significant difference in baseline motility index between control and T3-SCI rats central application of ghrelin (3-100 pmol) increased gastric contractions but only significantly so at 100 pmol. (*P < .05; B)
| Ghrelin increased DMV neuron sEPSC frequency of 3-week control and T3-SCI rats
Three weeks following surgery, the action of ghrelin (100 nM) increased the frequency of sEPSC's from 1.3 ± 0.6 to 2.8 ± 0.9 events s −1 in 100% of neurons from 3-week control rats. When expressed as percent change, ghrelin increased sEPSC frequency to 218 ± 35% of control (P < .05, Figure 4B ). In these same neurons, ghrelin had no effect upon the amplitude of sEPSCs (32.2 ± 1.2 pA in control versus 32.3 ± 2.1 pA in the presence of ghrelin; P >.05).
Similarly, perfusion with ghrelin increased the frequency of sEPSC's (2.5 ± 0.5 and 4.7 ± 1.1 events·s −1 in Krebs' and in 100 nM ghrelin, respectively; P < .05) in 100% of neurons from 3-week T3-SCI rats.
When expressed as percent change, ghrelin increased sEPSC frequency to 193 ± 20% of pre-infusion levels (P < .05, 4B). In these same neurons, ghrelin had no effect upon the amplitude of sEPSCs (34.5 ± 1.4 and 35.8 ± 1.5 pA in Krebs' and in 100 nM ghrelin, respectively; P > .05).
Taken together, these electrophysiological data indicate that the ghrelin-sensitive, action potential-dependent effect of presynaptic glutamate inputs terminating on DMV neurons is transiently disrupted following severe T3-SCI.
| DISCUSSION
Our continuing experimental evidence suggests that the gastroparesis associated with T3-SCI may be due to a diminished sensitivity of vago-vagal reflex circuitry to GI peptides. In this study, our data demonstrate that: (i) intravenous administration of ghrelin fails to elicit contractions of the gastric corpus in T3-SCI rats 3 days following injury; (ii) the prokinetic effect of intravenous ghrelin returns to near normal values in rats that have been allowed to recover for 3 weeks; (iii) central administration of ghrelin also fails to increase corpus contractions in T3-SCI rats until 3 weeks after injury;
(iv) in vitro recordings confirm that the return of DMV sensitivity Action potential firing rate (pps)-150 pA 7.9 ± 1.6 7.5 ± 1.4
Action potential firing rate (pps)-210 pA 8.8 ± 1.9 9.0 ± 2.2
Action potential firing rate (pps)-270 pA 9.2 ± 2.1 11.5 ± 2.2 T A B L E 2 Basic membrane properties of DMV neurons remain unchanged following chronic T3-SCI F I G U R E 4 Graphical summary of the effects of ghrelin on sEPSCs in DMV neurons of surgical control and T3-SCI rats tested at 3-days (A) or 3-weeks (B). All values represent percent change from control recordings collected prior to bath perfusion with ghrelin (100 nM). (A) Perfusion of ghrelin significantly increased the sEPSC frequency of surgical control rats 3-days following surgery but had no effect on sEPSC amplitude while at 3-day following T3-SCI, ghrelin failed to increase both the frequency of sEPSC's and the amplitude in DMV neurons. (B) Ghrelin significantly increased sEPSC frequency in DMV neurons from of surgical control rats at 3-weeks after surgery and perfusion with ghrelin also significantly increased sEPSC frequency in 3-week T3-SCI rat DMV neurons. No significant differences were noted in sEPSC amplitudes from either group tested at 3 weeks. Individual data points were omitted from sEPSC amplitude graphs for clarity. (*P < .05) to ghrelin after 3-weeks recovery at which time ghrelin, once again, exerts its gastric prokinetic effects by facilitating excitatory synaptic transmission to DMV neurons.
The severity of spinal contusion injury that was verified following the conclusion of these experiments is fundamentally similar to our previous studies in that luxol fast blue-labeled fibers are only observed traversing the perimeter of the T3-SCI lesion epicenter. 43 Our previous studies utilizing both contusion SCI and transection SCI determined that only modest differences in the magnitude and duration of post-SCI gastroparesis exist. 41 Therefore, we conclude that the severity of our contusion model is similar to our previous studies and neurophysiologically similar to the complete contusion injury that occurs clinically.
Gastrointestinal (GI) motility is the result of an interaction of central-and enteric nervous system circuits. The strength of these two circuits that comprise the gut-brain axis varies with the region of the GI tract (see 45 ). In addition, a large number of neuroendocrine mediators act at multiple levels of the gut-brain axis to regulate GI reflexes and nutrient intake. 46 In particular, the gastroinhibitory and gastro- . Recently, we have reported a reduction in mucosal integrity that is possibly due to a reduction in mesenteric perfusion following T3-SCI. 35 While it remains to be deter- produced equal levels of gastric contractility in T3-SCI and control rats. 43 Therefore, reduction in vagally mediated afferent signaling from the GI tract remains as the most likely mechanism for our observed reduction in ghrelin sensitivity (discussed in
48
). Vagal afferent dysfunction was inferred in T3-SCI rats following the administration of CCK.
42
Specifically, we demonstrated that CCK-8s acted through pre-synaptic inputs to cells within the nucleus tractus solitarius in surgical control animals. This pre-synaptic effect was lost in T3-SCI rat recordings, yet non-specific synaptic transmission in the injured rats was demonstrable following the bath administration of 4-aminopyridine. Unlike the persistent insensitivity to peripheral and central CCK-8s
that was reported in animals tested 3-weeks after T3-SCI, 42 the responsiveness to ghrelin was reestablished in our present cohort of 3-week post-injury animals. This restoration of sensitivity to ghrelin occurred both peripherally and centrally. Viewed in context with our present MEI data, this restored sensitivity to ghrelin coincides with the resumption of spontaneous feeding in our T3-SCI rats that is at levels similar to that of surgical controls. While ghrelin exerts profound stimulatory effects upon food intake and energy metabolism at the level of the hypothalamus 20, 52, 53 this stimulatory effect has been demonstrated to also involve a vago-hypothalamic component. 54 This ascending circuit is robust enough that blockade of vagal afferents eliminated the orexigenic effect of peripheral ghrelin. 21 We propose that T3-SCI produces a functionally similar reduction in vago-hypothalamic stimulation of ingestive behaviors.
One unanswered question pertaining to our data involves any temporal changes in ghrelin receptor expression following T3-SCI.
Both ghrelin 21 and CCK 55, 56 receptors are synthesized in the nodose ganglion and transported to sensory terminals and the neurochemical phenotype of vagal afferents is intertwined with nutrient status (see 57 ). Local and systemic inflammatory processes also regulate vagal afferent physiology and response to GI peptides 58 and the interaction of the gut microbiome with gut-brain function has recently started to emerge. Each of these processes (microbiome, nutrient intake, and inflammation) is altered in post-SCI physiology 57, 59, 60 and the relative contributions of these changes upon the chemosensory and mechanosensory vagal afferents remains to be determined.
In conclusion, our continuing data suggest that gastroparesis following T3-SCI is due, in part, to diminished sensitivity of vago-vagal neurocircuitry to enteroendocrine signaling molecules, particularly ghrelin and CCK-8s. Vago-vagal neurocircuitry remains anatomically intact following SCI. Therefore, we propose that compromised vagal sensory input affects the gain of vagally mediated reflexes. In the acute phase, this may consist of a generalized blunting of viscerosensory drive from vagal afferents that drive excitatory (eg, ghrelin) and inhibitory (eg, CCK) circuits while recovery of these processes during the chronic phase may not be uniform across the SCI population or even within an individual.
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